Abstract-In this paper, we theoretically investigate the performance of non-orthogonal and orthogonal spectrum access protocols (more generically known as NOMA) in supporting ultra-reliable low-latency communications (URLLC). The theory of effective capacity (EC) is adopted as a suitable delayguaranteed capacity metric to flexibly represent the users' delay requirements. Then, the total EC difference between a downlink user-paired NOMA network and a downlink orthogonal multiple access (OMA) network is analytically studied. Exact closed-form expressions and the approximated closed-forms at high signal-tonoise ratios (SNRs) are derived for both networks and validated through simulation results. It is shown that for a user pair in which two users with the most distinct channel conditions are paired together, NOMA still achieves higher total EC (compared to OMA) in high SNR regime as the user group size becomes larger, although the EC performance of both NOMA and OMA reduces with the increase in group size. It is expected that the derived analytical framework can serve as a useful reference and practical guideline for designing favourable orthogonal and nonorthogonal spectrum access schemes in supporting low-latency services.
I. INTRODUCTION
With the explosive growth of delay-sensitive wireless communication applications and services such as vehicular communications, tactile Internet and virtual reality, the ability of supporting low-latency services becomes more and more important. The provision of ultra-reliable low-latency communications (URLLC) has also emphasized the importance of reliability and low-latency transmissions in the 5th generation (5G) cellular networks and beyond [2] . In this paper, we adopt the concept of effective capacity (EC) to describe the maximum constant arrival rate that can be served, while guaranteeing a statistical delay requirement [3] . From the introduction about EC given in Section III, it will become evident that EC is not only a suitable, but also a flexible, metric which can represent various delay requirements. This allows us to investigate the delay-constrained data rates that can be served by a proposed communication network, for different latency requirements.
Furthermore, due to the spectrum scarcity issue in future communication networks, it is important to study and investigate the performance of spectrum-efficient multiple access Part of this conference paper was presented in [1] .
protocols. In recent years, non-orthogonal multiple access (NOMA) 1 was introduced as a promising multiple access (MA) technique for 5G communications and it has been shown to be spectrally efficient since it allows multiple users to transmit with different power levels, but using the same subcarriers and time slots. Further, NOMA has been shown to have some advantages over conventional orthogonal multiple access (OMA) in different communication systems [4] - [9] . For a downlink transmission with NOMA applied, the base station (BS) will send a superimposed mixture containing all users' signals, then the users with stronger channel conditions can obtain the information of the users with weaker channel conditions in accordance with NOMA principle. This can be exploited to improve the weaker user's reception reliability [7] . Moreover, a NOMA network with fixed power allocation (F-NOMA) was compared with the conventional OMA in [5] , which shows that F-NOMA can achieve a larger sum rate than OMA and if two users with very different channel conditions are paired, the performance of NOMA can be further improved. In [7] , a non-orthogonal relaying scheme was proposed and studied, which improves the ergodic secrecy rate, compared to the conventional orthogonal relaying schemes.
Although the aforementioned studies were conducted to explore the applications of NOMA in different communication networks, they are more suitable for delay-insensitive services [10] . Focusing on delay-sensitive applications, the sum EC was formulated and maximized for a downlink NOMA network in [11] , which was then solved with a suboptimal power control policy. In [12] , the max-min EC problem was first proved to be quasi-concave and then solved using a bisectionbased power allocation algorithm. However, [11] and [12] focused on designing efficient power allocation algorithms, rather than analytically analyzing the performance of NOMA in supporting delay-sensitive services. Considering the users with and without delay requirements, the exact analytical closed-form expressions for the ECs were proposed in [1] for a two-user NOMA network only. However, when multiple NOMA pairs are considered, the exact and the approximated closed-form expressions at high transmit signal-to-noise ratios (SNRs) for EC are not provided in [1] .
To investigate orthogonal and non-orthogonal multiple access protocols for low-latency services, in this paper we conduct a comparative study on a downlink user-paired NOMA network and a classical OMA network. The derived analytical framework can serve as a useful reference and practical guideline for designing favourable spectrum access protocols in supporting delay-sensitive communication scenarios. Specifically, we summarize the primary contributions as follows:
• For a downlink NOMA network with multiple pairs and a downlink OMA network, the exact analytical closedform expressions are derived respectively, followed by the approximated closed-forms for EC at high SNRs. The accuracy of these obtained closed-form expressions is validated through simulation results.
• In Lemma 1, we prove that the performance gain of NOMA over OMA, in supporting delay-sensitive services, becomes stable in the high SNR regime. Simulation results confirm the theoretical analysis and further reveal the impact of delay requirements, power coefficient settings and user group size on the total EC difference between NOMA and OMA schemes.
II. SYSTEM MODELS
Consider a classical downlink transmission with one BS and K mobile users with single antenna employed. Without loss of generality, the K users' channels are assumed to be ordered as |h 1 
where h k is the channel gain from the BS to the k th user, following Rayleigh fading distribution with unit variance. Block fading channel models are assumed, i.e., the channel gain stays fixed within one fading-block and independently varies for the next fadingblock. The fading-block length, T f , is assumed to be equal to one frame size, which is an integer multiple of the symbol length. Two downlink networks with different multiple access protocols are described as follows.
A. A Downlink NOMA Network with Multiple User Pairs
For the downlink NOMA network, all K users are grouped into K/2 NOMA pairs 2 , with the j th pair described as
. Within each pair, NOMA is applied and for the inter-pair MA, the conventional OMA is utilized. For the j th pair, the BS will send √ α uj P s uj + √ α wj P s wj to both users on the same subcarrier/time-slot in accordance with the NOMA protocol. Here, α uj and α wj are the power coefficients for the users u j and w j , P is the total transmission power at the BS, s uj and s wj are the messages for the users u j and w j . By employing successive interference cancellation (SIC), the stronger user w j with higher channel gains can detect and eliminate the message for the weaker user u j , before it decodes its own. The user u j with smaller channel gains will decode its information by considering the user w j 's message as noise. It is assumed that R uj →wj ≥R uj [5] , so that SIC is guaranteed to be successfully applied at the user w j . Here, R uj →wj denotes the user w j 's data rate to decode the user u j 's message andR uj is 2 Here, it is required that K is an even number. the target data rate for the user u j . Assume that the target ratẽ R uj equals to its achievable rate when the user u j decodes its own message. Hence, it can be found that the requirement R uj →wj ≥R uj always holds since |h uj | 2 ≤ |h wj | 2 [5] . Fixed power coefficients are considered for all NOMA pairs in this paper, which are non-adaptive and follow NOMA principle, i.e.,
. Different non-adaptive transmit power policies will be simulated and discussed in Section IV, for the purpose of providing guidance on designing practical power allocation algorithms in future studies.
Then, for the j th NOMA pair, the achievable data rates for both users can be respectively given by
where ρ is the transmit SNR, i.e., ρ = P N 0 B . Here, N 0 B is the noise power with N 0 indicating the one-sided noise spectral density and B denoting the channel bandwidth.
B. A Conventional Downlink OMA Network
For a classical downlink OMA network applying time division multiple access (TDMA), each user is assumed to equally occupy 1/K of orthogonal resources, which is a typical allocation strategy. Although in this case, the available radio resources for each user become less, the transmit power for each user can be higher. Then, the achievable rate for the user k, in b/s/Hz, is given bȳ
III. EFFECTIVE CAPACITY Assume that there exists a virtual buffer for the k th user at the BS, with an infinite buffer size. Define D k (t) as the delay experienced by a packet arriving at time t. According to [13] , [14] , the probability of the delay D k (t) exceeding a maximum delay bound D k max can be estimated as
where P out delay denotes the delay violation probability limit for the k th user, Pr{Q(t) > 0} is the probability of a non-empty buffer at time t with Q(t) indicating the buffer length, D k max is the given delay bound in the unit of symbol duration, and θ k (θ k > 0) represents the k th user's exponential decay rate. It was proved that the constant arrival rate has to be limited to the value of µ, which equals to the EC, so that a target delay violation probability limit P out delay can be met. Assume that the given wireless link can support C k (t) packets per unit of time, which can be modeled as a stationary and ergodic random process with nonnegative values. Assuming that the service process satisfies Gärtner-Ellis theorem [15] , the EC for the k th user on a block-fading channel is defined as
where E [·] is the expectation over the user k's channel. Set
Since all K users' channels are assumed to be already ordered, the probability density function (PDF) of the ordered x k , ∀k ∈ {1, . . . , K}, denoted by f (k) (x k ), follows the theory of order statistics and is given by [16] f
where
f (x k ) and F (x k ) are the PDF and the cumulative distribution function (CDF) of the unordered random variable x k . With different multiple access protocols applied, the available service rate for each user can be different. In the following, we study the total maximum achievable delay-constrained rate, i.e., the total EC, for the downlink transmission with NOMA applied and also the conventional OMA principle.
A. For A Downlink NOMA With Multiple User Pairs
By replacing C k in (4) with the achievable rates (1a) and (1b), the individual EC for the users u j and w j in the j th NOMA pair can be respectively given by
, (6a)
where Proof: The proof for the exact closed-forms is similar to that of two-user case in [1] , so it is omitted here due to page limit. The proof for the approximated closed-forms at high SNRs is given in Appendix.
B. For A Conventional Downlink OMA Network
By inserting (2) into (4), the individual EC for the user k in a conventional OMA network can be given bȳ
The total EC in a conventional downlink OMA network, Proof: The proof for the exact closed-forms is similar to that of two-user case in [1] , hence it is omitted due to page limit. The proof for the approximated closed-form at high SNRs is given in Appendix.
C. Comparison of Total Effective Capacity
The total EC difference between a downlink user-paired NOMA and a conventional OMA can be expressed as
and its exact closed-form and approximation at high SNRs can be obtained, by simply applying the analytical results given in (7a)-(7e). 
Proof: Please refer to Appendix G in [1] . Numerical results in Section IV show that the downlink user-paired NOMA supports higher total EC values than the downlink OMA network, in high SNR regime. From Lemma 1, we can then conclude that the performance gain of NOMA over OMA approaches a constant value at very high SNRs.
Furthermore, from (10), we notice that the difference of the total ECs, i.e., E N c − E O c , depends on the user pairing setting ϕ j and also the power coefficients α j , ∀j ∈ {1, 2, . . . , K/2}. To investigate the influence of power coefficients, two different power settings are utilized and simulated in Section IV, in order to provide more comprehensive EC comparison results. The optimal user paring algorithms are out of the scope of this paper, but will be considered as a future research topic.
IV. NUMERICAL RESULTS
In this section, we first validate the accuracy of the proposed exact analytical closed-forms and the approximated closedforms at high SNRs for E uj c , E wj c andĒ k c . The theoretical insights given in Lemma 1 will be numerically confirmed as well. Then, the total EC comparison results between the multiple NOMA pairs and the downlink OMA network will be numerically studied. In our simulations, it is assumed that there are 6 mobile users, i.e, K = 6, and 3 NOMA pairs in total. Two different power coefficients settings are utilized: 1) a fixed power allocation; 2) a varied power setting according to [9] , i.e., α i =
M−i+1
δ for all M users sharing one radio resource. Here, δ is to ensure
The delay exponents are assumed to be the same for all users and are set as 0.01, unless otherwise indicated. Further, it is assumed that T f = 0.5 ms and B = 180kHz. Assume that the 1 st user and the 4 th user are paired together in the downlink NOMA network, i.e., u j = 1 and w j = 4. The power coefficients for this pair are given as α uj = 0.8 and α wj = 0.2. Fig. 1 shows the values of E uj c and E wj c , calculated from the exact analytical closed-forms using (7a)-(7b), the closed-forms at high SNRs given in Theorem 1, and also Monte carlo results. From Fig. 1 , we can conclude that the exact analytical closed-forms are accurate for E trend with ρ. The theoretical proof for this phenomenon is omitted in this paper. However, we refer the interested readers to [1] which provides a theoretical proof for the trends of E the approximated closed-form matches with the exact values calculated with the Monte carlo method. Fig. 2 also shows that the 4 th user always achieves higher EC values. This is because that all channels have been assumed to be ordered, hence the 4 th user always has higher channel gains than the 1 st user.
It was proved in [5] that the performance gain of NOMA can be improved by pairing two users with very different channel conditions. Inspired by [5] , we assume that the user with the strongest channel conditions, i.e., the user K, is paired with the user with the weakest channel conditions, i.e., the user 1. Then, we plot Fig. 3 to study the total EC difference for the pair (1, K) 
, with respect to the user group size and the transmit SNR. From Fig. 3 , it is evident that although the EC difference for the pair (1, K) reduces with the group size K, it remains positive even for large group sizes. This indicates that when the user group size becomes larger, although the performance of NOMA and OMA reduces, the spectrum sharing gain by applying NOMA achieves higher total EC at high SNRs than OMA.
Assume that all 6 NOMA users are paired as follows: ϕ 1 = (1, 5), ϕ 2 = (2, 4) and ϕ 3 = (3, 6). All NOMA pairs have the same power coefficient settings, i.e., α j is the same for j ∈ {1, 2, 3}. Fig. 4 shows that when all users have a slightly stringent delay requirement, i.e., when delay exponent θ changes from 0.01 to 1, the values of E N c − E O c do not vary very much. But since θ indicates the exponential decay rate of the delay outage probability, with a slight increase of θ, the delay outage probability decreases in an exponential way. Secondly, two different power settings are included in Fig. 4 for the two users whithin one pair, which are a fixed power allocation α j = (0.6, 0.4), ∀j ∈ {1, 2, 3}, and a varied power coefficient setting according to [9] . Fig. 4 shows that the two employed power settings achieve different E V. CONCLUSIONS In order to investigate the performance of different multiple access protocols for delay-sensitive applications, we focused on the downlink transmission which utilizes either user-paired NOMA principle or conventional OMA technique. It was proved that the performance gain of NOMA over OMA on the total delay-constrained rate converges at very high SNRs. This means that the further increase in SNR will lead to diminishing returns in the total delay-constrained rate. Further, for a special user pair with the two users having the most distinctive channel conditions, it was shown that at high SNRs, NOMA always achieves higher total EC even for a very large group size.
VI. APPENDIX Proof for Theorem 1: In high SNR regime, E uj c for the weaker user in the j th NOMA pair, given in (6a), can be approximated as follows:
At high SNRs, E wj c for the stronger user in the j th NOMA pair, given in (6b), can be approximated and written as
By setting x wj = ρ|h wj | 2 and inserting f ( for |arg β| < π, Re u > 0.
By applying (16) to (14) and converting the incomplete gamma function Γ ( 4 K β wj + 1, 0
, (15) can be
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